The morphological response of Escherichia coli and Serratia nrarcescens to cefmenoxime (SCE-1365), 7,3-[2-(2-aminothiazol-4-yl)-(Z)-2-methoxyiminoacetamido]-3-[(1-methyl-lHtetrazol-5-yl)thiomethyllceph-3-em-4-carboxylic acid, a new broad-spectrum cephalosporin, was investigated. The action of cefmenoxime was bactericidal against both E. coil and S. marcescens even at rather low concentrations. The pattern and the rate of the decrease of colony-forming units (CFU) were similar over a fairly wide range of concentration; this was especially noticeable in S. nrarcescens. In E. co/i filamentous cells were induced at low concentrations of the cephalosporin. Spheroplasts appeared at higher concentrations, and they lysed later. A bulge was formed at the middle of the cell at concentrations near the minimal inhibitory concentration (MIC), and vacuole-like structures surrounded by membrane were also observed in the cytoplasm of the filamentous cells. In S. nrarcescens filamentation of cells occurred over a considerable range of concentration. With longer times of incubation, granular structures and fused nuclear regions were noticed in the sparse cytoplasm.
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Cefmenoxime (SCE-1365), 7;3-[2-(2-aminothiazol-4-yl)-(Z)-2-methoxyiminoacetamido]-3-[(1-methyl-IH-tetrazol-5-yl)thiomethyl]ceph-3-em-4-carboxylic acid, is a new semisynthetic cephalosporin with excellent in vitro and in vivo antibacterial activities against several bacterial species for which previously available cephalosporins exhibit poor efficacy. The antibacterial spectrum of cefmenoxime covers H. influenzae, C. freundii, E. cloacae, indole-positive Proteus, and S. marcescens'' .
In this report, the morphological response of E. coli and S. marcescens exposed to cefmenoxime was examined by light and electron microscopy.
Materials and Methods

Cephalosporin
Cefmenoxime was prepared in Takeda Chemical Industries, Ltd., Osaka, Japan. The sodium salt form of the cephalosporin was used in this study. Bacteria Escherichia coli NI HJ JC-2 and Serratia marcescens IFO 12648 were used. These were maintained on Trypticase soy agar (TSA, BBL). The MIC of cefmenoxime against both strains is 0 .2 tag/ml. Culture Condition Test organisms were grown at 37°C for 18 hours in Trypticase soy broth (TSB, BBL), and diluted in fresh TSB. The culture was cultivated at 37,C for 2 hours with shaking and then diluted to about 2 ~/ 107 CFU/ml for the following experiments.
Bactericidal Activity The killing kinetics of cefmenoxime was determined in TSB containing fourfold serial dilutions of the cephalosporin. The culture fluid was removed at various time intervals and the number of colony-forming units (CFU) were determined by the plate count method.
Phase-contrast Microscopy One loopful of the culture was inoculated on the surface of the cephalosporin-containing TSA, which had previously been spread on a slide glass at a thickness of about 0.3 mm.
A cover slip was placed on the top of the agar and the edges were sealed with molten paraffin. The preparation was set on a reverse type phase-contrast microscope (Type M, Nikon) with temperature control unit and incubated at 37°C. Observation and photography were performed at various time intervals.
Scanning Electron Microscopy Organisms exposed to various concentrations of the cephalosporin were pre-fixed with 2.5 glutaraldehyde (electron microscopic reagent grade) in 0.067 M phosphate buffer solution (PBS) (pH 7.0) for 2-3 hours. Cells were washed with PBS and post-fixed with I % osmic acid (electron microscopic reagent grade) in PBS for 16-18 hours. Dehydration was performed with a graded series of ethanol and iso-amyl acetate, and cells on cover slips were dried with a critical point dryer (HCP-2, Hitachi Koki Co., Ltd.). For the surface conductivity specimens were mounted on the aluminum stabs, and spattercoated with gold using an ion coater (IB-3, Eiko Engineering Co., Ltd.). Observation and photography were performed in a scanning electron microscope (MSM 4C-101, Akashi Seisakusho Ltd.) operated at an acceleration voltage of 15 KV.
Transmission Electron Microscopy Cells were fixed either by RYTER & KELLENBERGER'S (RK) standard method') using I % osmic acid or by BURDET & MURRAY'S (BM) method), in which cells are fixed with 0.25 % glutaraldehyde -5 acrolein mixture in 0.05 M cacodylate buffer (pH 7.5) for 3 -6 hours at room temperature, followed by post-fixation with 1 % osmic acid in RK buffer for 1 -2 hours at room temperature. Fixed cells were stained with 0.6% uranyl acetate in RK buffer for 2 hours and dehydrated with a graded ethanol series, and then embedded in Epon 812 by LUFT'S method''. Ultrathin sections were obtained on an ultramicrotome (Ultrotome III, LKB) equipped with a diamond knife, and doubly stained with uranyl acetate and lead citrate".
Micrographs were taken with a transmission electron microscope (JEM-100B, JEOL Ltd.) operated at 80 KV.
Results
Bactericidal Activity
Against E. coli NIHJ JC-2, cefmenoxime showed growth inhibitory effect at a concentration of 0.05 jig/ml, but at concentrations above 0.2 jig/nil the action was bactericidal.
The number of CFU decreased distinctly during I -2 hours after the addition of the cephalosporin at concentrations of 0.2 to 3.13 ii.-/ml. At concentrations above 12.5 iig/ml, CFU began to decrease during the first hour of the treatment (Fig. 1 ). Against S. marcescens I FO 12648, cefinenoxime exhibited a bactericidal activity at concentrations above 0.05 lcg/ml. At 0.05 icg/ml of cefmenoxime, decrease in the number of CFU was observed I -2 hours after the addition of the cephalosporin. Although the number of CFU was decreased during the first hour of the treatment at concentrations above 0.2 ,rig/ml, the pattern and the rate of the decrease were similar in a fairly wide range of concentration (Fig. 1 ).
Phase-contrast Microscopy
Photographs of E. coli NIHJ JC-2 and S. marcescens IFO 12648 after 2 and 4 hours of exposure to cefmenoxime are shown (Fig. 2) . In E. coli NIHJ JC-2, prominent filamentation with bulge formation was noticed at 0.2 jig/ml. With elevation of the concentration of the cephalosporin, spheroplasts were also formed, and they lysed with continued incubation. At concentrations above 501 cg/ml, the cells lysed rapidly without filamentation. In S. marcescens IFO 12648, filarnentation was observed at 0.2 pg/ml but a similar morphological response was also noticed even at a concentration of 3.13 !pg/ml.
In the filanmentous cells, the cytoplasm became sparse and granular material emerged during the course of incubation. At concentrations above 12.51cg/ml, spheroplasts were induced and they lysed later.
Scanning Electron Microscopy
Although the relation between the concentration of cefmenoxime and the morphological response in E. coli NIHJ JC-2 and S. marcescens FO 12648 was similar to that examined by phasecontrast microscopy, the ultrastructural changes were confirmed more clearly by scanning electron microscopy (Figs. 3 ^• 6).
In E. coli NIHJ JC-2, the cells became considerably elongated after 2 hours of exposure to 0.05 pg/ml of cefmenoxime and the phenomenon was more prominent after 4 hours of exposure.
Small bulges were often observed at the middle of the cells but most of the cells appeared to be viable (Fig. 6A, 6B ). At concentrations above 12.5 fag/ml, the formation of spheroplast-like structures together with filaments was observed, and these subsequently showed collapse (Fig. 6C) .
Transmission Electron Microscopy
The control cells of E. co/i NIHJ JC-2 showed the characteristic Gram-negative cell wall profile consisting of an inner triple-layered plasma membrane, and a cell wall complex made up of an outer triple-layered membrane and an intermediate layer of murein. In the cytoplasm, numerous ribosomes were seen as clusters and the nuclear regions were seen as electron-sparse patches (Fig. 7) . By RK fixation, rather than BM fixation, a fibrous structure was clearly seen in the nuclear region. After I hour of exposure to 0.05 pg/ml of cefmenoxime, the cells became about twice as long as the untreated of exposure, bulges became more swollen and plasmolysis occurred, in addition, some conformations filled with ribosome clusters and surrounded by membrane were seen in a vacuole-like structure which appeared to be caused by sinkage of the plasma membrane. After 4 hours of exposure, the pole on one side of rod shaped cell changed to a spherical form, and the contents of the cytoplasm concentrated in it, consequently, the density of cytoplasm where rod shape was maintained, decreased (Fig. 8B) .
In some cells the cytoplasmic contents flowed out, leaving the outer membrane and disintegrated plasma membrane.
At 0.78 pig/ml of the cephalosporin, the morphological changes demonstrated were similar to those seen at 0.2 pig/ml; vacuole-like structures surrounded by membrane emerged in the cytoplasm after 1 hour of exposure, and bacteriolysis after 2-4hours of exposure was somewhat more frequent than that seen at 0.2 pig/ml (Fig. 8C) . (Fig. 10A ).
In addition, electron-dense granules were often seen in the sparse cytoplasm (Fig. l0B) . Ultrastructural changes of cells demonstrated after I hour of exposure to 0.2 pg/mI of the cephalosporin were generally the same to those exhibited at 0.05 pg/ml. After 4 hours of exposure, plasmolysis occurred and the density of the cytoplasm decreased by efflux of its contents, furthermore, many membranous structures, besides granules, were observed in the cytoplasm. Plasma membrane often turned to a vacuole-like structure by sinkage into the cytoplasm (Fig. 10C ). Even at a concentration of 0.78 jig/ml of the cephalosporin, morphological responses demonstrated after I hour of exposure were similar to those seen at lower concentrations. After 4 hours of exposure, the following phenomena were observed; almost all the cytoplasmic contents flowed out of the cell, leaving the outer membrane and disintegrated plasma membrane, additionally, many membranous structures, fused nuclear regions and granules appeared in the sparse cytoplasm (Fig. I0D) .
Discussion
Cefinenoxime is a new semisynthetic cephalosporin with a broad antibacterial spectrum. Its potent antibacterial activity was demonstrated even against S. marcescens on which most of the cephalosporins now available are ineffective. In the experiment to estimate the bactericidal activity of cefmenoxime, dose response was not clear and this may be related to the ability of the cephalosporin to induce filamentous cells over a wide range of concentration.
Differential staining by the malachite green-fuchsin method6) was carried out to know the viability of individual cells treated with cefmenoxime (data not shown). In E. coli NIHJ JC-2, lysed cells or those with spheroplast-like structure stained pink, while only filamented cells stained green. In the case of S. inarcescens IFO 12648, filamented cells often stained pink by fuchsin, and considerable damage was observed in the cytoplasm by transmission electron microscopy, and number of viable cells also decreased; therefore, lysis did not appear necessary for the death of the cell. The cells of E. coli NIHJ JC-2 continued to elongate until 2.5 -3 hours after exposure to cefmenoxime and bulge formation was often observed at concentrations not higher than the MIC.
Mesosomes have most commonly been noticed in Gram-positive organisms. In Gram-negative organisms, as E. call, on the other hand, observation of such structures is uncommon, and their appearance is simpler than that in Gram-positives,8) .
The existence of mesosomes, however, has been reported in E. coli treated with a cephalosporin°'10'. In this study, ultrathin sectioning of cells treated with cefmenoxime revealed that the emergence of a mesosome-like structure, prior to any other change, in the cytoplasm of filamented cells was characteristic.
Several studies on the morphological alteration of Gram-negative organisms exposed to cephalosporins have already been reported9-17). Although there are some differences in the ultrastructural changes induced by different cephalosporins, induction of elongated cells at low concentrations and spheroplasts at high concentrations are the common phenomena, in general. Differences in the concentration range at which filamentation of cells is induced have been investigated with various cephalosporins: the range is widest with cephalexin and cefradine; cephalothin, cefazolin, cefoxitin, cefmetazole, and cefamandole are in the intermediate range; almost no filamentation is observed with cephalosporin, C, cephaloridine, and cephacetrile11,13-17> ZIMMERMAN & STAPLEYI3) examined the relative morphological effects on E. cloacae induced by various ~-lactam antibiotics, and discussed a possible relationship between filament induction in the test organism and the aromaticity of the substituent in the 7-position (for cephems) or in the 6-position (for penams). The range of concentration of cefmenoxime at which elongation of E. coli cells would be induced was wider than that of cefazolin. The MIC of cefmenoxime, however, was about 1/8 of cefazolin, and the lysis of the cells by the former occurred at as low a concentration as 1/8 of the latter (data not shown).
Hitherto, electron microscopic studies on the morphological response of S. marcescens treated with cephalosporins have been reportedly-17> but the concentration of the antibiotics adopted at which various morphological changes were observed was high compared to that of cefmenoxime.
Recently, the interaction between 13-lactam antibiotics and the penicillin-binding proteins (PBPs), located at the bacterial plasma membrane, has been brought to attention. SPRATT18) reported the possible function of PBPs present in the plasma membrane of E. coli; PBPs 1, 2, and 3 were suggested to be related to cell length extension, shape determination, and septum formation, respectively. The heterogeneity of the morphological changes of bacterial cells treated with /3-lactam antibiotics may, therefore, be attributed to the differences in their affinities to each PBP. The affinity of cefmenoxime to PBPs of E. coli was high in the descending order for PBPs 3, 1, and 21), and a similar affinity profile was observed in S. marcescens (H. SUGINAKA, personal communication).
In this study, these findings were well reflected in the potent activity of cefmenoxime to induce filamentous cells at extremely low concentrations, and in its potent bactericidal activity. An obvious difference, however, was noticed between the profile of bacteriolytic activity of cefmenoxime against E. coli and S. marcescens.
KITANO & ToMASZ10) indicated that although cell lysis in E. coli treated with (3-lactam antibiotics paralleled the autolytin-triggering efficiency of these antibiotics and PBP 1 was thought to be an autolysin-triggering target, it was not clear how and why the inhibition of PBP I activity should cause the triggering of the enzyme activity. The data presented here suggest that there may be other mechanisms in addition to the inhibition of PBP I activity for the triggering of autolytic enzyme activity.
